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Abstract
We investigate the dynamics of band occupation in gold after excitation with short laser pulses.
Strong nonequilibrium distributions can be created by intra- and interband transitions driven by
the absorption of photons with different wavelengths. First we shortly discuss how photons can be
used as a probe and how electrons with non-Fermi distributions can be described. Then we focus
on the relaxation stage where a temperature has been established but the occupation numbers in
the different bands are not yet in equilibrium with this newly established, elevated temperature.
We describe the relaxation towards a system with a common chemical potential with rate equations
that can also include the energy transfer to the lattice or ions. Finally, we give an outlook on the
optical response of the relaxing electron system to a probe pulse of radiation.
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I. INTRODUCTION
Understanding the interaction of short pulses of laser light with matter is crucial for
both fundamental science and applications. Moreover, it connects the physics of solids,
warm dense matter and plasmas for stronger pulses as the material will undergo a series
of phase transitions and relaxation stages during and after the excitation. Precise control
of material processing is a premier example which requires a thorough knowledge of the
energy deposition, energy loss channels and the relaxation processes driven by the laser
[1, 2]. In particular, the use of lasers with femtosecond pulses has brought a new set of
fundamental questions regarding the nature of the interaction process and the evolution
of the material response [3]. Such short excitations drive a whole cascade of relaxation
processes starting from the electron kinetics to the equilibration of electron and lattice
temperatures with most of the associated relaxation rates being still under debate even
for noble metals [4–7]. Moreover, the basic material properties, like the lattice stabilities
and phonon modes, can change under laser irradiation [8, 9]. Such new transitions hold
the promise of discovering new phases and metastable states and new chemical reaction
pathways. Moreover, they present a standard way to create warm dense matter and dense
plasmas states in the laboratory.
Ultra-short laser pulses are also a perfect tool to investigate the material response on
very short time scales via its optical response at different wavelength [10]. One traditional
way is to study Bragg scattering to investigate the lattice response in solids [11] and the
creation of new phases [12, 13]. In the fluid and plasma phase, reflectivity and transmitivity
measurements are a viable option that allow to reconstruct the dielectric function of the
material after excitation [14–16]. For lower frequency probes using THz radiation, the
wavefronts of the probe light can be determined which, again, provides the complex dielectric
function [17]. For denser and more massive samples, x-ray Thomson scattering has been
developed as a powerful optical probe to investigate the material properties [18, 19]. This
method can also be applied to nonequilibrium situations [20–22] where it can yield important
information on the relaxation processes initiated in the material.
For metals, the coupling of the laser field to the electrons is almost exclusively respon-
sible for the absorption of the light and the subsequent material response is thus strongly
connected to the electron relaxation [3, 23]. The electrons are driven far out of thermal
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equilibrium both in their occupation numbers and the distribution functions. A few tens
of femtoseconds after the initial excitation process electron-electron collisions lead to the
thermalisation of the electron distribution [5, 24] if no further energy source, internal or
external, is acting. Still, the temperatures of different bands as well as the occupation of
the bands may not be in equilibrium as these processes usually require longer times [25].
On a picosecond time scale, the absorbed energy from the laser is shared with the lattice
or the fluid ion component if melting occurs faster [5, 8, 24, 26]. This process is usually
described within the two-temperature model keeping track of the electron and lattice/ion
temperatures and links them by electron-ion coupling [27].
In this paper, we first report on optical probing under general nonequilibrium conditions
and some basic concepts that allow to describe the electron relaxation within the framework
of kinetic theory [28]. A special focus is here the important optical limit with negligible mo-
mentum transfer to the photon. In this case, it is sufficient to calculate the time-dependent
occupation numbers in the bands instead of the full electron distribution function. Thus,
the numerical effort is strongly reduced as we can employ rate equations for the occupation
numbers and the fully kinetic description, e.g., with a Boltzmann-like equation is not needed
any more. Within this rate equation approach, we first discuss the deviation of the initial
energy into the two different bands available for optical excitation in gold. We then investi-
gate the dynamic band occupation under different scenarios of laser excitation. Here, we find
significant differences depending on the energy of the incoming photons. Finally, we give an
outlook on how our results can be used to predict the optical response of laser-excited gold
on time scales of a few picoseconds.
II. MODELS FOR THE OPTICAL PROPERTIES OF LASER-EXCITED MAT-
TER
We consider the optical properties as an ideal tool to extract the material behaviour
in nonequilibrium from observations. To inform experimental probing about the time-
dependent electron properties, the dielectric function or the optical conductivity are the
central quantities. In the optical, long wavelength limit ~q → 0, both complex quantities are
connected via





Here, ε∞ denotes the static dielectric constant of the material under investigation. All
other optical properties can be determined once the real and imaginary part of the dielectric




















where εr is the real part of the dielectric function and |ε| its magnitude. Without absorption,
the transmitivity then follows via T = 1− R. However, similar relations can be also found
for absorbing matter and other properties. Thus, we would have full access to the optical
response of the material to any electromagnetic field once its dielectric function is known
exactly. In equilibrium, this information might be obtained from ab initio simulations via
the Kubo formula (see, e.g., Ref. 29). However, such an approach is illusive for matter far
from equilibrium. Thus, we will need to develop approximate approaches for states that are
driven or at states during the relaxation towards equilibrium.
One of the most applied approximation scheme for the dielectric function is the random
phase approximation (RPA). Its standard form is valid for weakly interacting electrons
within the conduction band (extensions for transitions between bands exist as well). For
such systems, the dielectric function reads
εL(~q, ω) = 1− 4πe
2
~q2
χ0(~q, ω) . (3)
Here, χ0(~q, ω) is the free-particle density response function (Lindhard function) and its
prefactor is the Coulomb potential. This density response of ideal electrons to a perturbation








E~k+~q − E~k − h̄ω + iη
. (4)
Here, the summation runs over all spins σ and momenta ~k in the conduction band, f(E~k)
denotes the time-dependent electron distribution and E~k denotes the dispersion relation in
the band. For quasi-free electrons, we have for instance E~k = h̄
~k2/2m∗, where medium
effects are condensed in the effective mass m∗. Within RPA, the parameter η is to be taken
in the limit η → 0 and insures the correct integration of the poles.
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The random phase approximation above does not include any damping of the one-particle
motion. Using a relaxation time ansatz, one may conclude that damping can be included
by replacing the parameter η with a finite, real valued constant. However, such an approach
would break basic conservation laws. An appropriate expression, that includes damping and
conserves particle number, has been given by Mermin [31]
εM(~q, ω) = 1 +
(1 + i/τDω)(εL(~q, ω + i/τD)− 1)
1 + (iω/τD)(εL(~q, ω + i/τD)− 1)/(εL(~q, 0)− 1) , (5)
were εL denotes Lindhard dielectric function (3) and τD is the damping constant or inverse
of the collision frequency. This approach is particular useful if both a finite momentum
transfer due to the excitation or probing and significant damping due to collisions occurs.
For many experiments, the dielectric function is only needed in the optical limit ~q →
0 as the photon transfers no momentum in normal incidence. In this case, a significant
simplification arises as we also have h̄ω 
∣∣∣E~k − E~k±~q∣∣∣. Thus, the real part of the dielectric
function can be written as




dE~k f(E~k) D(E~k) , (6)
where D(E~k) is density of states (DOS) in the material of interest. The integral is simply the
occupation of the conduction band. Thus, we don’t require knowledge of the full distribution
function but only of the density of electrons in the relevant band to describe the optical
response in the long wavelength limit.
When we include damping in the description, the Mermin expression can be condensed
into the Drude formula [32]




ω (ω + i/τD)
. (7)
Again, ε∞ labels the static dielectric constant which differs significantly from unity in noble
metals. The electron density n is to be taken from the optically active bands only. As
for the RPA in the optical limit, the Drude approach does not require the time-dependent
distribution function but only the evolution of the occupation number in the conduction
band which poses a significant simplification of any theoretical approach. Clearly, the Drude
formula approaches the optical limit of the Lindhard dielectric function for ωτD  1.
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III. MODELS FOR THE DENSITY EVOLUTION IN GOLD
We consider gold as a prototype of a metal with a complex band structure. For optical
excitations, the active band is the sp-band which might be seen as acting similarly to the
free electrons in a hot plasma. The d-band acts as a reservoir of electrons that can be
excited to the sp-band by the laser similarly to bound states in a plasma. As a result of
the excitation, we will have a hot electron ensemble in the sp-band that contains more than
the usual one electron per atom for T = 0. The subsequent relaxation will then establish
a Fermi distribution of electrons over both bands that is defined by a temperature and a
chemical potential common to both bands. In the following, we will present two approaches
that describe the relaxation process towards this well-defined equilibrium state.
As we have shown in the previous section, we need the full electron distribution function
for the description of the optical properties of the excited system within the Lindhard (3) and
the Mermin (5) approach. This distribution may be obtained as a solution of an appropriate
kinetic equation [28]. An example is the Boltzmann equation which, in the homogeneous case




= Γel-el + Γel-ph + Γabsorp , (8)
∂g(E~q, t)
∂t
= Γph-el , (9)
where g(E~q, t) represents the phonons’ distribution function in energy space and with dis-
persion E = E(~q). Taking the density of states as an input, the system above can be solved
numerically by treating both sp- and d-electrons as an effective common band of isotropic
electrons. Refs. 24 and 33 show results for gold and copper highlighting the need for an
accurate DOS.
Direct solutions of the Boltzmann equations are usually very complex and numerically
expensive. Moreover, the description of optical properties in the long wavelength limit does
not require the full energy-resolved distribution. Hence, we aim to use a simpler approach
based on rate equations. Since the electron thermalization has been found to occur on a
timescale of a few tens of femtoseconds [24, 28], the full kinetics of the electron relaxation is
not much of importance on timescales of several tens of femtoseconds to picoseconds. Here,
we can safely assume a Fermi distribution for the electrons in each band. Furthermore, a
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common temperature between the bands is also quickly established. However, the occupation
number of each band can still be out of equilibrium with respect to both the common
temperature and the occupations of the other bands. Similar situations have also been
considered for excited electrons in semiconductors [34, 35]. For bismuth, such approach of
a so-called constrained density, has also been applied [36, 37] within a density functional
theory calculation.
To determine the evolution of the band occupation, we set up a system of rate equations
containing all transitions between the bands involved and taking into account the restric-
tions and simplifications mentioned above. For gold excited by optical light, we consider
two bands: one valence (d) and one conduction band (sp). The DOS for gold shows that
both bands overlap but the energy of the photons must be sufficient to excite significant
numbers of electrons beyond the Fermi energy. All electrons are considered to have the
same temperature which is set by the total energy deposited by the laser. Moreover, our
rate equations need to allow for heating of the band by intraband transitions as well as d to
sp transfer. Due to energy conservation and the known Fermi distribution of the equilibrium
case, we also know the final band occupation after the relaxation. Thus, we can use a simple
relaxation time ansatz to determine the rate of electron transfer between the bands. This
relaxation time is here a free parameter of the calculation. In summary, our set of rate



















= gei(Te) [Te − Ti] . (12)
The first term in Eq. (10) describes the increase of the electron density in the conduction
(sp) band of gold due to excitation of 5d electrons by a laser with intensity IL. The number
of absorbed photons and thus the density of excited electrons is determined by the absorbed
energy and the energy of one photon h̄ωL. In our rate equations, it is governed by the
interband absorption coefficient αinter and the photon energy h̄ωL. The second term describes
the effective transfer of d-electrons to the sp-band or sp-electrons to the d-band until the
equilibrium density neqsp(Te) is reached. Again, the latter is uniquely defined by the electron
temperature Te (see also Ref. 38). The rate of electron transfer is characterised by the
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FIG. 1. Time-dependent sp-density in gold as calculated with the rate equations (10) for a 60 fs
laser pulse with a photon energy of 3.1 eV. The laser induces excitation of d electrons to the sp
band that has an initial density of 6.48 × 1022 cm−3. The system then relaxes to an equilibrium
density of neqsp(Te) = 6.72 × 1022 cm−3. Solid and dashed lines correspond to 10% and 50% of the
total energy being absorbed by d-electrons, respectively
temperature which rises during the laser pulse and then stays constant if no other energy
source or sink is considered.
Of course, the rate equations (10) are coupled with the conservation of total electron
density: ntot = nsp +nd which determines the d-band occupation. Moreover, we coupled the
equations for the electron energy with an equation describing the phonons or ions as an en-
ergy sink (12), thus, reducing the electron temperature on the time scale of electron-phonon
or electron-ion energy relaxation. The coupling parameter used is temperature-dependent
and taken from Ref. 39. As input, our rate equations require a split of the excitation energy
to a part that initiates a transfer of d-electrons to the conduction band αinterIL and a part
that only heats the conduction band αintraIL, the relaxation time towards an equilibrium
band occupation, the electron-phonon/ion energy transfer rate and the density of states of
the material to be considered.
IV. RESULTS AND DISCUSSION
Now we take laser-excited gold as an example to discuss the dynamics of the band occu-
pation described by the rate equations (10). In the first example, we split the laser energy
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arbitrarily between the d-band and sp-band electrons to discuss the general behaviour of the
relaxation process. Fig. 1 displays results for the time-dependent density in the conduction
band of gold employing a range of different relaxation times. As we consider only two active
bands, changes to the d-band density are just the inverse to any change in the sp-density. In
all cases, we see first a rather sharp rise of the conduction band occupation due to photons
being absorbed in the d-band and being transferred into the conduction band. This increase
is later overlaid with a further increase or decrease of sp-density due to the relaxation process
towards the equilibrium occupation.
In cases, where only 10% of the laser energy is absorbed by electrons in the d-band
and 90% simply heats the sp-band, we find a significant transfer of further electrons into
the conduction band until the hot temperature and the occupation are in equilibrium. Of
course, the time scale of this process is set by the relaxation time. When the energy input is
split equally between d- and sp-electrons, we have the opposite case: here, the temperature
cannot sustain the high sp-density created by the laser and the relaxation after the excitation
slightly reduces the conduction band energy. This fact demonstrates that a good description
of the different absorption channels, in particular the ratio of energies deposited into the d-
and sp-band, is essential for predictions of the density response of many metals having a
complex band structure such as gold or copper. We want to point out that all cases have
the same final energy density and, thus, the same final temperature is reached although the
relaxation process is not finished for the case with largest relaxation time τrelax during time
shown in the figure.
For further studies, we need a more realistic description of the laser absorption into the
two different bands. Here, we consider a total absorption coefficient as determined previously
[40, 41]. The total absorption is split into a part that promotes d-band electrons into the
sp-band and one part that only heats the sp-band via intraband transitions. Thus, we define





where Ωd and Ωsp are the numbers of electrons that can absorb photons and are in the d-
and sp-band, respectively. As the d-band will stay almost full, intraband absorption in the
d-band will be highly restricted by the Pauli principle. Thus, we consider that all photons



































































































FIG. 2. Ratio of the number of photons absorbed into the d-band, thus initiating a d to sp transfer,
to the total number of absorbed photons for two temperatures. The panel on the left assumes a
simplified model of two parabolic bands; the panel on the right considers the density of states
as calculated from density functional theory [42]. Both panels show the inverted DOS that was
employed in the calculation.
We also assume that both d- and sp-electrons absorb a photon with the same probability.
Moreover, the transfer is only possible when the final state of the transferred electron was
available. Thus, the fraction Ωj is proportional to the density of j-electrons and the Pauli-





1− fj(E + h̄ω, t)
]
, (14)
where Dj(E) is the partial density of states for the band considered.
Figure 2 shows the results for the fraction of photons to be absorbed by d-band electrons
and, thus, increasing the density in the conduction band as a function of photon energy.
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For low temperatures, this clearly follows the number of d-band electrons in states where
this energy transfer is not prohibited by the Pauli blocking. Thus, mainly electrons within
a photon energy (h̄ωL) below the Fermi energy can contribute to absorption. Their number
strongly depends on the density of states. To highlight the number of accessible electrons,
we have also included the inverted density of states in the figure. For higher temperatures,
the Pauli principle does not act as severe as more and more states become available as final
states for the transition. Thus, we find a much higher Ωd even for small photon energies.
Higher photon energies also transfer more electrons into states far beyond the Fermi energy.
Thus, d-band absorption is much higher for larger photon energies. Indeed, the fraction of
energy absorbed by d-band electrons becomes almost independent of the temperature for
photon energies above 3 eV.
For small photon energies the ratio of d-band to sp-band absorption is highly sensitive
to the form of the density of states. To highlight this fact, we show results employing a
realistic DOS determined by density functional theory [42] in the right panel of Fig. 2 and
data using a simple DOS consisting of two parabolic bands (one finite to mimic the d-band
and one open to describe sp-electrons) in the left panel. The largest deviations are found




















FIG. 3. Evolution of the fraction of the number of photons absorbed by the d-band for three
different photon energies. The laser excitation is 60 fs long and has its peak at t = 0. The graphs
show the relative absorption by the d-band for any additional photon that would reach the system
at time t, not only the real absorbed laser energy around t = 0.
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> 2.1 eV below from the Fermi energy, no d-band absorption is possible for photon energies
below 2.1 eV. For slightly larger photon energies, the absorption of the d-band then rises
sharply. This behaviour is not visible in the results using the more realistic density of states.
Here, the d-band has a small but finite contribution for all states up to the Fermi energy
and beyond. Thus, absorption by d-electrons is always possible even for low temperatures
as T = 300 K. Accordingly, we find a significant fraction of photons promoting additional
electrons into the sp-band even for very small photon energies. The fraction Ωd also rises
with temperature but not as strongly as for the simple model used in the left panel.
Of course, any real laser pulse will interact with a system having a very dynamic re-
sponse starting at a low temperature followed by a sharp rise. Fig. 3 shows the evolution
of absorption of d-electrons for a realistic heating scenario. Here, a short laser pulse heats
the system and initiates a transfer of d-electrons into the sp-band followed by a density re-
sponse described below. The largest changes in the d-band absorption occur during the laser
pulse. At this time, final states unavailable before become free due to the excitation and the
number of valence electrons that can absorb is decreasing as more and more electrons are
transferred into the conduction band. Clearly, the first process is more important for small
photon energies (1.55 eV) as most accessible states are still occupied for small temperatures
but become partially free due to the electron excitation by the laser pulse. Higher photon
energies (3.1 eV) can promote many d-electrons beyond the Fermi energy and thus are only
slightly restricted by the [1 − f ]-term in Eq. (14). Here, the reduction of d-band electrons
is more important and, accordingly, the part of d-band absorption decrease during the laser
pulse.
The long time behaviour of the absorption is more academic and related to the effect
of a second heating pulse. It mainly reflects the relaxation of band occupation after the
initial heating as well as electron transfer processes. As different photon energies result
in a different relaxation behaviour as will be discussed below, the absorption of additional
photons also shows a different trend with time.
We now inspect again our results for the density evolution. For a more realistic split of
the laser energy beween d- and sp-bands, we employ the procedure based on the density of
states from DFT calculations as presented above. Fig. 4 shows results for the relaxation
process in gold driven by a 60 fs long laser pulse with different photon energies. To allow
for an easy comparison, all cases have the same absorbed energy, and thus induced electron
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temperature. Therefore, all systems relax towards the same final sp-density. Moreover, we
consider the same sp to d relaxation time of τrelax = 600 fs in all cases, a value consistent
with the thermalization time of nonthermal electrons in gold [43, 44].
The sharp rise of conduction band density around t = 0 is created by the direct transfer of
d-electrons into the conduction band by the laser radiation. As the absorbed energy is equal
in all calculations shown, there are many more photons absorbed for cases with low photon
energy (cases in the left panel) as compared to higher photon energies (right). Accordingly,
the initial rise in the number of conduction band electrons is stronger in these cases. For






















































FIG. 4. Time-dependent sp-density in gold as calculated using the rate equations (10) for a 60 fs
laser pulse with different photon energies. The laser induces excitation of d electrons to the sp
band that has an initial density of 6.48 × 1022 cm−3. Full lines consider the electron system only
while dashed lines include electron cooling via a coupling with the phonon system. All cases have
the same absorbed energy of 1.35× 105 J/kg (2.6× 109 J/m3).
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is then reduced in the subsequent relaxation. In the two cases with high photon energies
drawn in the right panel of Fig. 4, much fewer photon are absorbed and, thus, much fewer
d-band electrons are transferred to the sp-band. However, the common temperature is the
same after the laser pulse due to the larger energy input per photon. Accordingly, the same
final density is reached in equilibrium which results in a further increase of the conduction
band density during the relaxation phase. This qualitatively different behaviour with photon
energy is relatively independent from the free parameters in the model and should create a
clear observable for experiments independent of the probe used.
Figure 4 contains also results where the energy transfer between the electrons and the lat-
tice / phonons is taken into account. Here, the energy transfer is modelled by a temperature-
dependent electron-phonon coupling parameter [39]. As the phonons act as an energy sink,
the electron temperature decreases during the relaxation and, in turn, the conduction band
density is reduced as well. As this process runs on a time scale of a few picoseconds, it
should also be observable experimentally. The most interesting signature is found for the
high photon energies. Here, the electron-phonon interaction reverses the secondary increase
of the conduction band density after roughly a picosecond while for lower photon energies
it simply enhances the already existing trend.
With the results for the density evolution, we are now able to calculate the optical prop-
erties for the electron system in nonequilibrium. Here, we present only preliminary results
based on the Drude model (7). This means our results consider only intraband contributions
from the sp-electrons while d-electrons contribute only negligible due to their heavy effec-
tive mass. Moreover, interband transitions between the bands are not included. Usually,
interband contributions are considered to be small for small probe wavelength. However, it
is known that they increase strongly with temperature. In our case, we expect also large
contributions from interband transitions as the nonequilibrium situations considered exhibit
many holes at energies below the Fermi edge.
Still, the Drude description already yields some interesting behaviour: depending on
the model for the damping parameter in the Drude formula, the real part of the dielectric
function either increases or decreases at the time of the excitation while the imaginary
part always increases. This interesting behaviour of the real part is driven by the strong
increase of the collision frequency due to collision of sp-electrons with electrons from the
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FIG. 5. Evolution of the dielectric function as calculated with the Drude form (7) for a relaxing
electron system in gold. The dashed line label the imaginary part and the full lines the real part
of the dielectric function. Both are plotted for a probe energy of 1.55 eV. The underlying density
relaxation is the same as shown in Fig. 4 for an excitation energy of 3.1 eV including electron-
phonon interaction (dashed green line). The Drude damping rate is calculated in two ways: either
only electron-phonon interactions are considered or electron-phonon as well as electron-electron
interactions are included as described in Ref. 38. Note that the quantity plotted is only the
intraband contribution to the dielectric function and strong interband contributions are expected
here as well, in particular, for times with strong nonequilibrium occupation of the bands.
small contribution while the d-electrons can act as a independent collision partner for the
sp-electrons which determine the optical properties. As Pauli-blocking plays a major role
before heating but only a minor role for the elevated temperatures after the excitation, there
is a strong increase in the collision frequencies with d-electrons. This increase of collision
frequency fully overrules the calculated increase in the sp-band density, that is, the increase
in plasma frequency of the conduction band. Although this results seems to contradict
experimental data [15, 16], one must keep in mind that the interband contribution may
change this prediction even on the qualitative level.
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V. CONCLUSION
We have developed a model to describe the electron relaxation in metals after strong
excitation with short laser pulses. The model is based on rate equations describing the
occupation numbers of the d- and sp-band in gold. Being designed to model the intermediate
relaxation stage of a few picoseconds, we consider the electron energy relaxation to be
finished and a Fermi distribution to be established. Thus, we can define a temperature for the
electrons. This temperature can also be coupled to a lattice temperature to include electron-
phonon interactions. Based on the density of states, we have also developed a model that
describes the split of laser energy into the different absorption channels. While absorption by
d-electrons promotes these electrons into free states of the sp-band, photons being absorbed
by sp-electrons only increase the temperature. The predictions of the rate equations for the
conduction band density show an interesting behaviour: small photon energies result in a
conduction band density that is higher than its equilibrium value while photons with several
eV or more produce conduction band densities that are too low for the energy content of the
electron system. Thus, the subsequent relaxation reduces or increase the number of electrons
in the conduction band, respectively. The resulting sp-band densities can now serve as a
basis to calculate the optical properties of laser-excited gold. However, easy models neglect
the interband contributions and can be thus in contradiction with experimental results.
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